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EP 1 846 140 B1
Description

BACKGROUND OF THE INVENTION

[0001] The presentinventionis a method for operating a rapid pressure swing adsorption unit. In particular, the method
operates the rapid pressure swing adsorption unit so that the tail gas (exhaust gas) is released at a pressure greater
than 308 KPa (30 psig).

[0002] Pressure swing adsorption (PSA) is widely practiced commercially to separate and purify gases, including air
separation. Rapid pressure swing adsorption (RCPSA), which operates on shorter cycle times than PSA, can also be
used for air separation. The tail gas (adsorbed gas) is emitted from each process at a blowdown pressure, typically
136-205 KPa (5-15 psig). US6565627 discloses a rapid pressure swing adsorption (RPSA) process which includes the
use of an adsorbent fabric. US4194892 also discloses a RPSA process.

[0003] In the oil refinery setting, it is often desirable to separate a feed gas into a tail gas (adsorbed gas) and a non-
adsorbed gas and send the tail gas to a fuel header or other refinery waste stream that is typically at pressures of 60-80
psig. Therefore, it is desirable that the tail gas be emitted at these higher pressures. Otherwise, a tail gas compressor
must be inserted between the separation unit and the fuel header. Purity and/or recovery of the product gas must also
be high.

SUMMARY OF THE INVENTION

[0004] The present invention is a method for operating a rapid cycle pressure swing adsorption (RCPSA) system
having a total cycle time, t;g1, to separate a feed gas into product gas and tail (exhaust) gas. The method includes the
steps of passing the feed gas having a purity F%, where F is the percentage of the feed gas which is the non-adsorbable
component, into a sorbent bed which selectively adsorbs the tail gas and passes the product gas out of the bed, for
time, tg, wherein the product gas has a purity of non-adsorbable component P% and a rate of recovery of R%. Recovery
R% is the ratio of amount of non-adsorbable component in the product to the amount of adsorbed component in the
feed. Then the bed is co-currently depressurized for a time, tcq, followed by counter-currently depressurizing the bed
for a time, tcy wherein desorbate (tail gas or exhaust gas) is released from the bed at a pressure greater than or equal
to 308 KPa (30 psig). The bed is purged for a time, tp, typically with a portion of the product gas. Subsequently the bed
is repressurized for a time, tgp, typically with a portion of product gas or feed gas, wherein the cycle time, t;o7, is equal
to the sum of the individual cycle times comprising the total cycle time, i.e.,

ITOT =tF T tCO T t{CN T tp + {RP

The present invention is carried out such that 3 specific ratios are adhered to defined as

0<tco/tf<1/3,

and

tCN / tp < 1/4,

and

1/5<tco/tp,

and with conditions resulting such that either (1) the rate of recovery, R% > 80% for a product purity to feed purity ratio,
P%/F% > 1.1, and/or (2) the rate of recovery, R% > 90% for a product purity to feed purity ratio, 0 < P%/F% < 1.1
[0005] The tail gas is released at a pressure high enough so that the tail gas may be fed to another device absent tail
gas compression.

[0006] In a more preferred embodiment, the tail gas pressure is greater than or equal to 515 KPa (60 psig). In a most
preferred embodiment, the tail gas pressure is greater than or equal to 653 KPa (80 psig). The product gas includes
hydrogen, methane, an olefin, oxygen, nitrogen, helium, or a saturate. The tail gas may be fed into another unit in a
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refinery or petrochemical unit such as a hydroprocessing unit, a reforming unit, a fluidized catalytic cracker unit or a
methane synthesis unit.

[0007] In another preferred embodiment, the only step in depressuring the bed is co-current flow. That is, the counter-
current depressurizing step is omitted.

BRIEF DESCRIPTION OF THE DRAWING

[0008] Figure 1 shows a schematic diagram of the apparatus for a typical rapid pressure swing adsorption (RCPSA)
process.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0009] Pressure Swing Adsorption (PSA) is a method that is widely practiced commercially to separate and purify
gases. The method consists of five steps performed as a cycle. Figure 1 shows a schematic drawing of the system to
carry out the method. The first step is a feed step wherein mixtures of feed gases at high pressure are passed through
valve 4 over adsorbent materials 12 with valve 6 closed and valve 18 open. The material 12 selectively removes com-
ponents of the mixture, thereby producing a product gas enriched in a preferred component, which passes out valve 18.
The second step is a co-current depressurization in which valve 4 is closed and the pressure reduces in adsorbent
material 12. Step 3 is a countercurrent depressurizing step in which valve 4 is closed, valve 6 is opened. In this step,
the adsorbent material is cleaned by the depressurizing to a lower pressure followed by step 4 of purging at this lower
pressure in reverse direction to feed flow. The effluent produced during these steps (3 and 4) is called the tail gas. After
these four steps, the adsorbent material is pressurized in step 5 with either the feed or product gas to prepare it for the
next feed step. For continuous production, the cycles are practiced using several vessels that undergo different steps
of the rudimentary cycle described. In the present invention these five steps are operated in such a manner that the tail
gas pressure is high enough to send it to another unit without need of a tail gas compressor.

[0010] Rapid pressure swing adsorption (RCPSA) is distinguished from conventional pressure swing adsorption (CP-
SA) by the shorter cycles times it employs. For example, RCPSA cycle times are typically less than a minute while CPSA
cycle times are typically greater than 2-4 minutes. Hardware (valving, piping, configuration of vessels) to perform these
cycles also differs considerably and vendors of equipment for both CPSA and RCPSA exist. While CPSA is currently
practiced in refineries for recovery of gases such as hydrogen, RCPSA is currently commercially widespread only for
air separation. The following examples illustrate the subject matter of the presentinvention. A computer simulation model
of the PSA process is used to determine process performance at different condition.

[0011] Example 1: In one embodiment of the improved integrations of PSA with a refinery claimed here, an RCPSA
to produce an olefin product was compared to CPSA. For example, a computer simulation shows that for the separation
of a 65 vol% ethylene - 35% ethane stream, 0.16 MMSCFD (million standard cubic feet per day), on 4A zeolite, RCPSA
with 20 sec feed step is able to produce ethylene at greater than 90% purity with 1/6th (one-sixth) the adsorbent quantity
needed by a CPSA with a one minute feed step. This particular example is only illustrative of the application of RCPSA
to other olefin-paraffin separations.

[0012] Example 2: In this example, the refinery stream is at 3.4 MPa (480 psig) with tail gas at 550 KPa (65 psig)
whereby the pressure swing is 6.18. The feed composition and pressures are typical of refinery processing units such
as those found in hydroprocessing or hydrotreating applications. In this example typical hydrocarbons are described
by their carbon number, i.e., C 1 = methane, C2 = ethane, etc. The RCPSA is capable of producing hydrogen at > 99%
purity and > 81 % recovery over a range of flow rates. Tables 1a,b shows the results of computer simulation of the
RCPSA and the input and output percentages of the different components for this example. Table 1a,b also show how
the hydrogen purity decreases as recovery is increased from 89.7% to 91.7% for a 0.17 MMSCMD (6 MSCFD) stream
at 3.4 MPa (480 psig) and tail gas at 0.55 MPa (65 psig).

Table 1a,b
Composition (mol %) of input and output from RCPSA (1.90 m3= 67 ft3) in H2 purification.
Feed is at 3.4 MPa (480 psig), 50°C (122°F) and Tail gas at 0.55 MPa (65 psig).
Feed rate is about 0.17 MMSCMD (6 MMSCFD).

Case 1a. Higher purity
Step Times in seconds are tg =1, tcg =0.167, tcy, =0, tp =0.333, tzp =0.5




10

15

20

25

30

35

40

45

50

55

EP 1 846 140 B1

(continued)
H2 at 98.6 % puirity, 89.7 % recovery
feed product Tail-Gas

H2 88.0 98.69 45.38.

C1 6.3 1.28 251

Cc2 0.2 0.01 1.0

C3 2.6 0.01 12.3

C4a+ 2.9 0.00 14.8

H20 2000 vppm 65 vppm 9965 vppm
total MMSCMD (MMSCFD) 0.175 (6.162) 0.114 (4.934) 0.035 (1.228)

3.4 MPa (480 psig) 3.3 MPa (470 psig) 0.55 MPa (65 psig)

Case 1b. Higher purity
Step Times in seconds are tg =1, too =0.333, tcy =0, tp =0.167, tgp =0.5

H2 at 97.8 % purity, 91.7 % recovery

feed product Tail-Gas
H2 88.0 97.80 45.9
C1 6.3 2.14 25.0
Cc2 0.2 0.02 1.0
C3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
total MMSCMD (MMSCFD) 0.175 (6.160) 0.144 (5.085) 0.031 (1.074)
3.4 MPa (480 psig) 3.3 MPa (470 psig) 0.55 MPa (65 psig)

[0013] The RCPSA'’s described in the present invention operate a cycle consisting of different steps. Step 1 is feed
during which product is produced, step 2 is co-current depressurization, step 3 is counter-current depressurization, step
4 is purge, usually counter-current) and step 5 is repressurization with product. In the RCPSA’s described here at any
instant half the total number of beds are on the feed step. Further the time duration of the steps 2 through 5 is equal to
the time duration for the entire step 1. Typical step times for the total cycle can be 0.5 s - 2 s and even lower. Steps 2-5
are fractions of this time.

Table 2 Effect of step durations on H2 purity and recovery from an RCPSA (1.90 m3 = 67 ft3). Same conditions
as Table 1. Feed is at 3.4 MPa (480 psig), 50°C (122°F) and Tail gas at 0.55 MPa (65 psig). Feed rate is about
0.17 MMSCMD (6 MMSCFD).

2a. Without counter-current depress

purity recovery te tco ten tp trp
% % s s s s s
98.2 84.3 1 0.283 0.05 0.167 0.5
98.3 85 1 0.166 0.167 0.167 0.5
99.9 80 1 0.083 0.25 0.167 0.5
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(continued)

2b. With counter-current depress, Intermediate pressure = 0.825 MPa (105 psig)

purity recovery tr tco ten tp trp
% % s s s s s

97.8 91.7 1 0.333 0 0.167 0.5

98.7 90 1 0.166 0 0.334 0.5
99 88 1 0.083 0 0.417 0.5

Conditions for Table 2 are the same as in Table 1. Table 2a shows that when there is no counter -current depressurization
step, the co-current depress duration should be less than 1/3 rd of feed step time to maintain high purity > 99%.
[0014] Similarly Table 2b shows that with counter-current depressurization, the total depressurization time should be
preferably less than 1/3 rd of feed step time and the counter -current depress time should be less 1/4 th of the feed step
time to maintain high recovery (> 80%).

[0015] Example 3: This example shows a 0.28 MMSCMD (10 MMSCFD) refinery stream, once again containing typical
components, as shown in feed column of Table 3. The stream is at 3.4 MPa (480 psig) with RCPSA tail gas at 0.55 MPa
(65 psig) whereby the absolute pressure swing is 6.18. For e.g. the feed composition contains 74 % H2. Once again the
RCPSA of the present invention is capable of producing hydrogen at > 99% purity and > 85% recovery, from these feed
compositions. Tables 3a,b shows the results of this example.

Table 3a,b. Composition (mol %) of input and output from RCPSA (1.5 m3 53 ft3) in H2 purification. Feed is
at 3.4 MPa (480 psig), 38°C (101°F) and Tail gas at 0.55 MPa (65 psig). Feed rate is about 0.28 MMSCMD (10
MMSCFD).

Case 3a. Higher purity
Step Times in seconds are t =0.583, t; =0.083, tc\ =0, tp =0.25, tpp =0.25

H2 at 99.98 % purity and 86 % recovery

feed product Tail-Gas
H2 74.0 99.98 29.8
C1 14.3 0.02 37.6
Cc2 5.2 0.00 13.8
C3 2.6 0.00 7.4
C4+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
Total MMSCMD (MMSCFD) 0.29 (10.220) 0.185 (6.514) 0.105 (3.705)

3.4 MPa (480 psig) 3.3 MPa (470 psig) 0.55 MPa (65 psig)

Case 3b. Lower purity
Step Times in seconds are tz=0.5, t;o =0.167, tcy =0, tp =0.083, tp =0.25

H2 at 93 % purity and 89 % recovery

feed product Tail-Gas
H2 74.0 93.12 29.3
C1 14.3 6.34 31.0
Cc2 5.2 0.50 16.6
C3 2.6 0.02 8.9
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(continued)
H2 at 93 % purity and 89 % recovery
feed product Tail-Gas

C4+ 3.9 0.00 13.4

H20 2000 vppm 142 vppm 6501 vpm
total MMSCMD 0.29 (10.220) 0.21 (7.240) 0.084 (2.977)
(MMSCFD)

3.4 MPa(480 psig) 3.3 MPa (470 psig) 0.55 MPa (65 psig)

In both cases 3a, 3b, although tail gas pressure is high at 65 psig, the present invention shows that high purity (99%) is
obtained only when the duration of the co-current depressurization step (5/60 s) is less than 1/3 of the feed step duration
(35/60 s).

[0016] Tables 2 and 3a show that for both 0.17 MMSCMD (6 MMSCFD) and 0.28 MMSCMD (10 MMSCFD) flow rate
conditions, very high purity hydrogen at ~99% and > 85% recovery is achievable with the RCPSA. In both cases the tail
gas is at 0.55 MPa (65 psig). Such high purities and recoveries of product gas achieved using the RCPSA with all the
exhaust produced at high pressure have not been discovered before and are a key feature of the present invention.
[0017] Table 3c shows the results for an RCPSA (volume = 1.39 m3 = 49 cubic ft) that delivers high purity (> 99%) H2
at high recovery for the same refinery stream discussed in Tables 3a,b. Table 3c. Part a. shows that that high purity H2
is produced when the duration of the co-current depressurization step is less than 1/3 rd of the feed step time, for the
case where there is no counter-current depressurization step.

Table 3c Effect of step durations on H2 purity and recovery from an RCPSA (1.39 m3 = 49 ft3). Feed is at 3.4
MPa (480 psig), 38°C (101°F) and Tail gas at 0.55 MPa (65 psig). Feed rate is about 0.28 MMSCMD (10 MMSCFD).
Without counter-current depress.

purity recovery te tco ten tp trp
% % s s s s s
95.6 87.1 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25

[0018] Example 4: In this example, Table 4 further illustrates the performance of RCPSA’s operated in accordance
with the invention being described here. In this example, the feed is a typical refinery stream and is at a pressure of
2.17 MPa (300 psig). The RCPSA of the present invention is able to produce 99% pure hydrogen product at 83.6%
recovery when all the tail gas is exhausted at 40 psig. In this case the tail gas can be sent to a flash drum or other
separator or other downstream refinery equipment without further compression requirement. In absolute terms the
pressure swing in this example is 5.52. Simultaneously the RCPSA also removes CO to < 2 vppm, which is extremely
desirable for refinery units that use the product hydrogen enriched stream. Lower levels of CO ensure that the catalysts
in the downstream units operate without deterioration in activity over extended lengths. Conventional PSA cannot meet
this CO specification and simultaneously also meet the condition of exhausting all the tail gas at the higher pressure,
such as at typical fuel header pressure or the high pressure of other equipment that processes such RCPSA exhaust.
Since all the tail gas is available at 0.377 MPa (40 psig) or greater, no additional compression is required for integrating
the RCPSA with refinery equipment. Prior art typically uses compression/expansion via a rotating shaft.

Table 4. Composition (mol %) of input and output from RCPSA (0.11 M3 = 4 t3) in carbon monoxide and
hydrocarbon removal from hydrogen. Feed is at 2.17 MPa (300 psig), 38°C(101°F), and Feed rate is about
0.027 MMSCMD (0.97 MMSCFD). Step Times in seconds are tg =0.5, t;g =0.1, tcy =0, tp =0.033, tgp =0.066

H2 at 99.99 % purity and 88 % recovery
feed product Tail-Gas
H2 89.2 99.98 48.8
C1 3.3 0.01 13.9
C2 2.8 0.01 13.9
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(continued)

feed product Tail-Gas
C3 2.0 0.00 10.2
Ca+ 2.6 0.00 13.2
(o]0 50 1.1 198.4
total MMSCMD 0.971 0.760 0.211
(MMSCFD)

2.17 MPa (300 psig)

2.10 MPa (290 psig)

0.377 MPa (40 psig)

[0019] Example 5: Table 5a,b compares the performance of RCPSA’s operated in accordance with the invention being
described here. The stream being purified has lower H2 in the feed (51% mol) and is a typical refinery/petrochemical
stream. In both cases, 5a, b, a counter current depressurization step is applied after the co-current step. In accordance
with the invention, Table 5a shows that high H2 recovery (81%) is possible even when all the tail gas is released at 0.55
MPa (65 psig) or greater. In contrast, the RCPSA where some tail-gas is available as low as 136 KPa (5 psig), loses
hydrogen in the counter-current depressurization such that H2 recovery drops to 56%. In addition, the higher pressure
of the stream in Table 5a indicates that no tail gas compression is required.

Table 5a,b. Effect of Tail Gas Pressure on recovery Example of RCPSA applied to a Feed with H2 concentration
(51.3 mol %) Composition (mol %) of input and output from RCPSA 0.88 m3 = 31 ft3) in H2 purification. Feed
is at 1.98 MPa (273 psig), 50°C (122°F) and Feed rate is about 0.14 MMSCMD (5.1 MMSCFD).

5a. Step Times in seconds are tg =0.5, t;o =0.083, tc) =0.033, t5=0.25, tgp =0.133

[a] Tail gas available from 0.55-0.67 MPa (65-83 psig), H2 at 99.7 % purity and 81 % recovery

feed product Tail-Gas

H2 51.3 99.71 20.1

C1 38.0 0.29 61.0

Cc2 4.8 0.00 8.0

C3 2.2 0.00 3.8

Ca+ 3.7 0.00 6.4

H20 4000 vppm 0.7 vppm 6643 vppm
total MMSCMD 0.146 (5.142) 0.06 (2.141) 0.085 (3.001)
(MMSCFD)

5b. Step Times in sec. are tg =0.667, tcg =0.167, tcy =0.083, t, =0.083, trp =0.33

1.98 MPa 273 psig

[b] Tail gas available from 0.1 136-0.55 MPa (5-56 psig) H2 at 99.9% recovery

1.91 MPa (263 psig) 0.55-0.67 MPa(65-83 psig)

H2
C1
C2
C3
C4+
H20

feed product Tail-Gas

51.3 99.99 34.2

38.0 0.01 48.8

4.8 0.00 6.9

2.2 0.00 34

3.7 0.00 6.2
4000 vppm 0.0 vppm 5630 vppm
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(continued)

[b] Tail gas available from 0.1 136-0.55 MPa (5-56 psig) H2 at 99.9% recovery

feed product Tail-Gas
total (MMSCFD) 0.146 (5.142) 0.042 (1.490) 0.103 (3.651)
MMSCMD
1.98 MPa (273 psig) 1.91 MPa (263 psig) 0.136 to 0.55 MPa (5-65
psig)

[0020] Example 6: In this example, Table 6a,b compares the performance of RCPSA’s operated in accordance with
the invention being described here. In these cases, the feed pressure is 5.6 MPa (800 psig) and tail gas is exhausted
at either 0.55 MPa (65 psig) or at 0.791 MPa (100 psig). The composition reflects typical impurities such H,S, which
can be present in such refinery applications. As can be seen, high recovery (> 80%) is observed in both cases with the
high purity > 99%. In both these cases, only a cocurrent depressurization is used and the effluent during this step is sent
to other beds in the cycle. Tail gas only issues during the countercurrent purge step. Table 6¢ shows the case for an
RCPSA operated where some of the tail gas is also exhausted in a countercurrent depressurization step following a co-
current depressurization. The effluent of the co-current depressurization is of sufficient purity and pressure to be able
to return it one of the other beds in the RCPSA vessel configuration that is part of this invention. Tail gas, i.e., exhaust
gas, issues during the counter-current depressurization and the counter-current purge steps.

[0021] In all cases the entire amount of tail gas is available at elevated pressure which allows for integration with other
high pressure refinery process. This removes the need for any form of rotating shaft machinery or compressor while
producing high purity gas at high recoveries. In accordance with the broad claims of this invention, these cases are only
to be considered as illustrative examples and not limiting either to the refinery, petrochemical or processing location or
even to the nature of the particular molecules being separated.

Table 6a,b,c. Example of RCPSA applied to a high pressure feed Composition (mol %) of input and output
from RCPSA (0.51m3 = 18 ft3) in H2 purification.
Feed is at 5.6 MPa (800 psig), 50°C(122°F) and Feed rate is about 0.286 MMSCMD (10.1 MMSCFD).

6a. Step Times in seconds are tg =0.91, tcg =0.25, toy =0, tp =0.33, tgp =0.33
[a] Tail gas at 0.55 MPa (65 psig), H2 at 99.9 % purity and 87 % recovery

feed product Tail-Gas

H2 74.0 99.99 29.5

C1 14.3 0.01 37.6

Cc2 5.2 0.00 14.0

C3 2.6 0.00 7.4

C4a+ 3.9 0.00 10.9

H2S 20 vppm 0 55 vppm
total MMSCMD 0.289 (10.187) 0 185 (6 524) 0.104 (3.663)
(MMSCFD)

5.6 MPa(800) psig 5.5 MPa (790 psig) 0.55 MPa (65 psig)

6b. Step Times in seconds are tg =0.91, tcg =0.25, tcy =0, tp =0.33, tgp =0.33

[b] Tail gas at 0.791 MPa (100 psig), H2 at 99.93 % purity and 80.3 % recovery

feed product Tail-Gas
H2 74.0 99.93 38.1
C1 14.3 0.07 32.8
Cc2 5.2 0.00 12.5
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(continued)

[b] Tail gas at 0.791 MPa (100 psig), H2 at 99.93 % purity and 80.3 % recovery

feed product Tail-Gas
C3 2.6 0.00 6.5
Ca+ 3.9 0.00 9.6
H2S 20 vppm 0 vppm 49 vppm
total MMSCMD 0.289 (10.187) 0.172 (6.062) 0.117(4.125)
(MMSCFD)

5.6 MPa (800 psig)

5.5 MPa (790 psig)

[c] Tail gas from 0.55-0.791 MPa (65-100 psig). H2 at 99.8 % purity and 84 % recovery

0.791 MPa (100 psig)

6¢c. Step times in seconds are tg =0.91, t;o =0.083, t;y =0.25, tp =0.167, tgp =0.41

feed product Tail-Gas
H2 74.0 99.95 28.9
C1 14.3 0.05 39.0
Cc2 5.2 0.00 13.7
C3 2.6 0.00 7.2
C4+ 3.9 0.00 10.6
H2S 20 vppm 0.01 vppm 53 vppm
total MMSCMD 0.289 (10.187) 0.181 (6.373) 0.108 (3.814)
(MMSCFD)
5.6MPa (800 psig) 5.5 MPa (790 psig) 0.55-0.791 MPa (65-100
psig)
[0022] Example 7: Table 7 compares the performance of RCPSA’s operated in accordance with the invention being

described here. The stream being purified has higher H, in the feed (85% mol) and is a typical refinery/petrochemical
stream. In these examples the purity increase in product is below 10% (i.e., P/F < 1.1). Under this constraint, the method
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of the present invention is able to produce hydrogen at > 90% recovery without tail gas compression.

Table 7a,b,c. Example of RCPSA applied to a Feed with H2 concentration (85 mol %). Composition (mol %)

of input and output from RCPSA (0.17m?3 =6.1 t3).

Feed is at 3.4 MPa(480 psig), 57°C (135°F) and Feed rate is about 0.17 MMSCMD (6 MMSCFD).

7a. Step Times in seconds are tg =0.5, t;5 =0.33, tcy =0.167, tp =0.167, tgp =1.83 recovery = 85 %

feed product Tail-Gas

H2 85.0 92.40 57.9
C1 8.0 4.56 17.9
Cc2 4.0 1.79 13.1
C3 3.0 1.16 10.4
Ca+ 0.0 0.00 0.0

H20 2000 866.5 6915

total MMSCMD (MMSCFD) 0.173 (6.100) 0.135 (4.780) 0.037 (1.320)

3.4 MPa (480 psig)

3.3 MPa (470 psig)

0.55 MPa (65 psig)
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(continued)

7b. Step Times in sec. are tg =1, tcg =0.333, tcy =0.167, t, =0.083, tgp =0.417 recovery = 90 %

feed product Tail-Gas

H2 85.0 90.90 58.2

C1 8.0 5.47 18.1

Cc2 4.0 2.23 12.9

C3 3.0 1.29 10.1

Ca+ 0.0 0.00 0.0

H20 2000 1070.5 6823
total MMSCMD 0.173 (6.120) 0.146 (5.150) 0.027 (0.969)
(MMSCFD)

3.4 MPa (480 psig)

3.3 MPa (470 psig)

0.55 MPa (65 psig)

7c. Step Times in sec. are tg =2, to5 =0.667, tcy =0.333, tp =0.167, tgp =0.833 recovery = 90 %

feed product Tail-Gas

H2 85.0 90.19 55.2

C1 8.0 6.21 18.8

Cc2 4.0 2.32 13.9

C3 3.0 1.17 11.3

Ca+ 0.0 0.00 0.0

H20 2000 1103.5 7447
total MMSCMD 0.174 (6.138) 0.148 (5.208) 0.026 (0.93)
(MMSCFD)

[0023] Tables 8a,b summarize cases from the examples used to illustrate the invention, in terms of the specific ratios

of step durations described earlier.

3.4 MPa (480 psig)

10

3.3 MPa (470 psig)

0.55 MPa (65 psig)
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[0024] Prior art exists where some portion of the PSA exhaust gas is removed at an intermediate, elevated pressure.
However, in every instance, the PSA is operated such that some exhaust is produced at low (136 KPa = 5 psig = 20
psia) pressure. Such low pressure exhaust can also contribute to lower recovery since this exhausted gas which, contains
larger and larger fractions of the heavy, undesirable components also contains valuable light product, such as hydrogen.
This is a consequence of the deeper levels of cleaning offered by the larger pressure swing. However it is not fully
understood in the art that it is this additional enrichment of heavies that can also lead to lower recovery due to the
unavoidable loss of the light component along with vented heavy impurity. This heavy impurity must be vented since it
cannot be returned to the RCPSA system and re-used, for example as pressurization gas to pressurize another vessel
in the RCPSA undergoing a pressurization step.

[0025] Anotherfeature disclosed here is that an RCPSA can operated at high purity and recovery of light product while
using only co-current depressurization/blowdown steps, i.e., without resorting to a counter-current blow down step. Such
a counter-current blowdown steps is cited in the prior art as a means to generate energy recovery by using a portion of
the counter-current exhaust to drive a separate item of machinery called a turboexpander. Such turboexpanders then
can simultaneously drive a compressor operating on the same shaft. In this manner the prior art claims to reduce the
compression requirements. As is evident no such device is required in the present invention since all the exhaust gas
is available at the elevated pressure thereby eliminating any rotational compressor device such as rotating shaft. In
addition, by controlling the duration of the co-current blowdown step such that cho-current blowdown gas issuing from
the product end (i.e., co-current to feed step) does not drop in purity below a specified amount, typically the feed
composition, then all the co-current blow-down gas can be used to pressurize other beds in the RCPSA cycle. This
features greatly conserves light product and increases recovery of light product.

Claims

1. A method for operating a rapid cycle pressure swing adsorption (RCPSA) system having a cycle time, tro7, to
separate a feed gas into product gas and tail (exhaust) gas, comprising:

(a) passing said feed gas having purity F% into a sorbent bed which selectively adsorbs said tail gas and passes
said product gas out of said bed, for time, tz, wherein said product gas has a purity of P% and a rate of recovery
of R%,

(b) co-currently depressurizing said bed for a time, t¢q,

(c) counter-currently depressurizing said bed for a time, tgy,

(d) purging said bed for a time, tp, wherein desorbate (tail gas or exhaust gas) is released from said bed at a
pressure greater than 308 KPa (30 psig), and

(e) repressurizing the bed for a time, tgp, wherein the cycle time, t;q7, is equal to the sum of the individual cycle
times comprising the total cycle time,

tTOT =tF +t{CO + tICN + tp T IRP
and, wherein

0<tco/tgp<1/3,

and

toN/ tF < 1/4,
and

1/5 <tco / tp,
such that

the rate of recovery, R% >80% for a product purity to feed purity ratio, P%/F% >1.1, and/or a rate of recovery,

14
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R% >90% for a product purity to feed purity ratio, 0 < P%/F% < 1.1.
The method of claim 1 wherein said tail gas has a pressure greater than 60 psig.
The method of claim 1 wherein said product gas includes hydrogen.
The method of claim 1 wherein said product gas includes methane.
The method of claim 1 wherein said product gas includes an olefin.
The method of claim 1 wherein said product gas includes oxygen.
The method of claim 1 wherein said product gas includes nitrogen.
The method of claim 1 wherein said product gas includes helium.
The method of claim 1 wherein said product includes a saturate.
The method of claim 1 wherein said product includes CO,.
The method of claim 1 wherein said purity of said product gas is greater than 90%.
The method of claim 1 wherein said purity of said product gas is greater than 95%.
The method of claim 1 wherein said purity of said product gas is greater than 99%.
The method of claim 1 wherein the tail gas (exhaust gas) pressure is greater than 0.653 MPa (80 psig).

The method of claim 1 wherein the rate of recovery, R% > 85% for a product purity to feed purity ratio, P%/F% >
1.1, and/or a rate of recovery, R% > 95% for a product purity to feed purity ratio, 0 < P%/F% < 1.1.

The method of claim 1 wherein the rate of recovery, R% > 90% for a product purity to feed purity ratio, P%/F% >
1.1, and/or a rate of recovery, R% > 98% for a product purity to feed purity ratio, 0 < P%/F% < 1.1.

The method of claim 1 further comprising the step of feeding said tail gas into a refinery or petrochemical unit absent
a tail gas compression.

The method of claim 17 wherein said refinery unit is a hydro-processing unit, a reforming unit or a fluidized catalytic
cracker unit.

The method of claim 17 wherein said petrochemical unit is a methanol synthesis unit.

The method of claim 1 wherein said step of depressuring said bed is only cocurrent flow such that toy = 0.

Patentanspriiche

1.

Verfahren zum Betreiben eines Druckwechseladsorptionssystems mit schneller Taktung (Rapid Cycle Pressure
Swing Adsorption, RCPSA) mit einer Taktzeit tygr, um Zufuhrgas in Produktgas und End-(Ab)gas aufzutrennen,
bei dem:

(a) das Zufuhrgas mit einer Reinheit von F% in ein Sorbensbett gefihrt wird, welches das Endgas selektiv
adsorbiert und das Produktgas aus dem Bett fiihrt, fiir einen Zeitraum tg, wobei das Produktgas eine Reinheit
von P% besitzt und eine Gewinnungsrate von R%,

(b) das Bett fiir einen Zeitraum tcg im Gleichstrom entspannt wird,

(c) das Bett fiir einen Zeitraum tcy im Gegenstrom entspannt wird,

(d) das Bett fur einen Zeitraum tp gesplilt wird, wobei Desorbat (Endgas oder Abgas) bei einem Druck von mehr
als 308 kPa (30 psig) von dem Bett abgegeben wird, und
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(e) das Bett fiir einen Zeitraum tgp wieder mit Druck beaufschlagt wird, wobei

die Taktzeit TtoT gleich der Summe der einzelnen Taktzeiten, welche die Gesamttaktzeit ausmachen, ist

tror = tr + tco * teny t+ tp t+ trp

und bei dem
0 < tco / tg £ 1/3,
und
teny / tg £ 1/4,
und
1/5 £ teco / tp,
so dass

die Gewinnungsrate R% > 80% ist, fir ein Verhaltnis von Produktreinheit zu Zufuhrreinheit P%/F% > 1,1, und/oder
eine Gewinnungsrate R% > 90% ist, fiir ein Verhaltnis von Produktreinheit zu Zufuhrreinheit 0 < P%/F% < 1.1.

Verfahren nach Anspruch 1, bei dem das Endgas einen Druck von mehr als 60 psig hat.
Verfahren nach Anspruch 1, bei dem das Produktgas Wasserstoff einschlief3t.

Verfahren nach Anspruch 1, bei dem das Produktgas Methan einschlieft.

Verfahren nach Anspruch 1, bei dem das Produktgas ein Olefin einschlieft.

Verfahren nach Anspruch 1, bei dem das Produktgas Sauerstoff einschlief3t.

Verfahren nach Anspruch 1, bei dem das Produktgas Stickstoff einschlief3t.

Verfahren nach Anspruch 1, bei dem das Produktgas Helium einschlief3t.

Verfahren nach Anspruch 1, bei dem das Produkt ein gesattigtes Material einschlief3t.
Verfahren nach Anspruch 1, bei dem das Produkt CO,, einschlieRt.

Verfahren nach Anspruch 1, bei dem die Reinheit des Produktgases mehr als 90% betragt.
Verfahren nach Anspruch 1, bei dem die Reinheit des Produktgases mehr als 95% betragt.

Verfahren nach Anspruch 1, bei dem die Reinheit des Produktgases mehr als 99% betragt.

Verfahren nach Anspruch 1, bei dem der Endgas(Abgas)-Druck héher als 0,653 MPa (80 psig) ist.

Verfahren nach Anspruch 1, wobei die Gewinnungsrate R% > 85% ist, fiir ein Verhaltnis von Produktreinheit zu
Zufuhrreinheit P%/F% > 1,1, und/oder eine Gewinnungsrate R% > 95% ist, fur ein Verhaltnis von Produktreinheit

zu Zufuhrreinheit 0 < P%/F% < 1.1.

Verfahren nach Anspruch 1, bei dem die Gewinnungsrate R% > 90% ist, fiir ein Verhaltnis von Produktreinheit von
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Zufuhrreinheit P%/F% > 1,1, und/oder eine Gewinnungsrate R% > 98% ist, fiir ein Verhaltnis von Produktreinheit
zu Zufuhrreinheit 0 < P%/F% < 1.1.

Verfahren nach Anspruch 1 mit dem weiteren Schritt, bei dem das Endgas in eine Raffinerie- oder petrolchemische
Anlage eingespeist wird, ohne Endgaskomprimierung.

Verfahren nach Anspruch 17, bei dem die Raffinerieanlage eine Hydrobehandlungsanlage, eine Reformieranlage
oder eine Crackanlage mit katalytischem Wirbelbett ist.

Verfahren nach Anspruch 17, bei die petrolchemische Anlage eine Methanolsyntheseanlage ist.

20. Verfahrennach Anspruch 1, beidem der Schrittder Entspannung des Betts nurim Gleichstrom erfolgt, so dass t =0.

Revendications

1.

Procédé permettant de faire fonctionner un systeme d’adsorption par variations de pression a cycle rapide (RCPSA)
ayant un temps de cycle, tyo, pour séparer un gaz d’alimentation en gaz produit et gaz de queue (d’échappement),
comprenant les étapes consistant a:

(a) faire passer ledit gaz d’alimentation ayant une pureté F% dans un lit de sorbant qui adsorbe sélectivement
ledit gaz de queue et envoie ledit gaz produit hors dudit lit, pendant un temps, tg, dans lequel ledit gaz produit
a une pureté de P% et un taux de récupération de R%,

(b) dépressuriser & co-courant ledit lit pendant un temps, tsq,

(c) dépressuriser a contre-courant ledit lit pendant un temps, tcy,

(d) purger ledit lit pendant un temps, tp, dans lequel un désorbat (gaz de queue ou gaz d’échappement) est
libéré dudit lit a une pression supérieure a 308 kPa (30 psig), et

(e) repressuriser le lit pendant un temps, tgp, dans lequel

le temps de cycle, tro7, est égal a la somme des temps de cycle individuels constituant le temps de cycle total,

Lror = Te + teo + tow + T + Lrp

et dans lequel

0 < teo / tr £1/3,

et

tewn / tr < 1/4,

et

1/5 < teo / te,

de telle sorte que

le taux de récupération, R% > 80% pour un rapport entre la pureté du produit et la pureté de I'alimentation,
P%/F% > 1,1, et/ou un taux de récupération, R% > 90% pour un rapport entre la pureté du produit et la pureté
de l'alimentation, 0 < P%/F% < 1,1.

2. Procédé selon la revendication 1 dans lequel ledit gaz de queue a une pression supérieure a 60 psig.

3.

Procédé selon la revendication 1 dans lequel ledit gaz produit contient de I'hydrogéne.
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Procédé selon la revendication 1 dans lequel ledit gaz produit contient du méthane.
Procédé selon la revendication 1 dans lequel ledit gaz produit contient une oléfine.
Procédé selon la revendication 1 dans lequel ledit gaz produit contient de I'oxygéne.
Procédé selon la revendication 1 dans lequel ledit gaz produit contient de I'azote.
Procédé selon la revendication 1 dans lequel ledit gaz produit contient de I'hélium.
Procédé selon la revendication 1 dans lequel ledit produit contient un produit saturé.
Procédé selon la revendication 1 dans lequel ledit produit contient CO,.
Procédé selon la revendication 1 dans lequel ladite pureté dudit gaz produit est supérieure a 90%.
Procédé selon la revendication 1 dans lequel ladite pureté dudit gaz produit est supérieure a 95%.
Procédé selon la revendication 1 dans lequel ladite pureté dudit gaz produit est supérieure a 99%.

Procédé selon la revendication 1 dans lequel la pression du gaz de queue (gaz d’échappement) est supérieure a
0,653 MPa (80 psig).

Procédé selon la revendication 1 dans lequel le taux de récupération, R% > 85% pour un rapport entre la pureté
du produit et la pureté de I'alimentation, P%/F% > 1, 1, et/ou un taux de récupération, R% > 95% pour un rapport
entre la pureté du produit et la pureté de I'alimentation, 0 < P%/F% < 1,1.

Procédé selon la revendication 1 dans lequel le taux de récupération, R% > 90% pour un rapport entre la pureté
du produit et la pureté de I'alimentation, P%/F% > 1, 1, et/ou un taux de récupération, R% > 98% pour un rapport

entre la pureté du produit et la pureté de I'alimentation, 0 < P%/F% < 1,1.

Procédé selon la revendication 1 comprenant en outre I'étape consistant a alimenter avec ledit gaz de queue une
unité de raffinerie ou pétrochimique sans compression de gaz de queue.

Procédé selon la revendication 17 dans lequel ladite unité de raffinerie est une unité d’hydrotraitement, une unité
de reformage ou une unité de craqueur catalytique fluidisé.

Procédé selon la revendication 17 dans lequel ladite unité pétrochimique est une unité de synthése du méthanol.

Procédé selon la revendication 1 dans lequel ladite étape de dépressurisation dudit lit est seulement a écoulement
a co-courant de telle sorte que toy = 0.
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